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Abstract. We combine APOGEE DRI17 spectroscopy with Gaia DR3 astrometry to investigate
the chemo-dynamical structure of the Milky Way using unsupervised machine learning. After
applying strict quality cuts, we selected a high-quality sample of 135,080 giant stars and derived
their orbital parameters in the McMillan potential. To mitigate disk dominance, a cut of e, >
0.25 was applied. Dimensionality reduction with PCA and clustering with K-means were tested
across three input spaces: chemical abundances, kinematic parameters, and their combination.
The most robust separation of stellar populations is obtained when using chemical abundances
alone. The resulting clusters correspond to the thin disk, thick disk, halo, and an accreted
component, as revealed in chemical-abundance and Lindbland diagrams. Our results highlight
the effectiveness of abundance-driven clustering in disentangling Galactic stellar populations and
tracing ex-situ stars, providing a data-driven framework for future studies of Galactic archeology.
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1. Introduction

The formation and present-day structure of the Milky Way are the cumula-
tive outcome of both internal evolutionary processes and external accretion events
(Bland-Hawthorn and Gerhard (2016)). Over cosmic time, dwarf galaxies and globular
clusters have merged with the Galaxy, leaving behind stellar populations with distinct
chemical and dynamical signatures. Several such accreted structures have been reported
in the literature, including the Helmi streams (Helmi et al. 1999), Sequoia (Barbd et al.
2019; Matsuno et al. 2019; Myeong et al. 2019), Thamnos (Koppelman et al. 2019), LMS
(Yuan et al. 2020), Pontus (Malhan et al. 2022), Sagittarius (Ibata et al. 1994), Arjuna
and T’itoi (Naidu et al. 2020), and the Gaia-Sausage/Enceladus event (Helmi et al. 2018;
Belokurov et al. 2018; Haywood et al. 2018; Mackereth et al. 2019). Stars that were
accreted from outside the Galaxy are referred to as ex-situ, while those that formed
within the Galaxy are known as in-situ stars. Different approaches have been devel-
oped to distinguish these populations in chemical and dynamical planes. For example,
(Horta et al. 2023) demonstrated that the [Mg/Mn]-[Al/Fe] plane can effectively sepa-
rate high-a, low-a disk stars (in-situ) from ex-situ populations. Similarly, (Plevne et al.
2020) showed a classification scheme in the [«/Fe]-[Fe/H] plane. (Belokurov and Kravtsov
2024) further proposed that boundaries drawn in the energy-angular momentum (E-L.)
diagram, using globular clusters, can separate in-situ from ex-situ populations. However,
orbital and kinematical parameters are subject to dynamical heating, radial migration,
and secular processes, and therefore may not reliably reveal the origin of stars on their
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own (Plevne and Akbaba 2025). In contrast, chemical abundances are more resilient trac-
ers, as they directly preserve the nucleosynthetic history of the environment where the
stars formed (Sentiirk et al. 2024).

Large spectroscopic surveys such as APOGEE DR17 (Abdurro’uf et al. 2022), comple-
mented by precise astrometric data from Gaia (Gaia Collaboration et al. 2023), provide an
unprecedented opportunity to investigate these questions on statistically robust scales.
However, the high-dimensional complexity of these datasets often leads to overlaps in
chemical and kinematic spaces. In this context, unsupervised machine learning tech-
niques can be used to detect substructures and uncover hidden stellar populations.
Dimensionality reduction methods such as Principal Component Analysis (PCA) (Jolliffe
1990), combined with clustering algorithms particularly K-Means (Jin and Han 2011),
allow the transformation of complex parameter spaces into interpretable structures and
enable direct comparison with features reported in the literature (Garcia-Dias et al. 2018,
2019). In this study, spectroscopic data from APOGEE DR17 and astrometric data from
Gaia were combined to investigate stellar populations and merger signatures in the Milky
Way. After selecting giant stars with reliable measurements and applying strict quality
cuts, orbital parameters were computed under the McMillan potential (McMillan 2017)
using the galpy package (Bovy 2015). To mitigate the dominance of disk stars in the
sample, a selection cut of e, > 0.25 was applied, following (Fernandes et al. 2023). The
classification performance was then tested in three distinct parameter spaces: (i) chemical
abundances only, (ii) dynamical parameters only, and (iii) a combination of both. The
resulting clusters were evaluated in chemical abundance diagrams and Lindblad diagrams
to assess their astrophysical interpretability. The results demonstrate that the clearest
separation is achieved when using chemical parameters alone. This confirms the robust-
ness of chemical signatures in tracing accreted populations, whereas purely dynamical
or chemo-dynamical parameter sets tend to produce contamination and ambiguities in
classification. Overall, the methodology presented here provides reproducible and data-
driven criteria forstellar population classification. In future work, the approach will be
extended by incorporating additional chemical abundances, which will further improve
the accuracy of population separation and contribute valuable insights to the field of
Galactic archeology.

2. Data and Methodology

We cross-matched APOGEE DR17 with Gaia DR3, applying quality cuts (S/N >
70, 04 /w <0.2, and clean flags for ASPCAP, STAR, and Fe, Mg, Mn, Al Ni, Si).
Restricting to giants (0.5 <log g < 3.6, 3500 < Tog < 5500 K (Horta et al. 2023) yielded
135,080 stars. Using Astropy (Astropy Collaboration et al. 2013, 2018) and galpy (Bovy
2015), we derived stellar kinematics and orbits in the McMillan potential (McMillan
2017), adopting Re = 8.2 kpc, Vigr =232.8 km/s, and (U, V, W)= (11.10, 12.24,7.25)
km/s (Schénrich et al. 2010), from which Rapo, Rperi, Zmax; L=, E, and e were obtained.

Since disk stars dominate the sample, and this may introduce bias into the machine
learning procedure, we followed the approach of (Fernandes et al. 2023) and restricted
the analysis to stars with e, > 0.25. Subsequently, we employed PCA for dimensional-
ity reduction using three different sets of input features-chemical abundances, kinematic
parameters, and their combination. The dimensionality was reduced by monitoring iner-
tia values, after which we applied the K-means clustering algorithm. While the number of
clusters was initially guided by inertia breakpoints, inspection of the resulting distribu-
tions in the [Mg/Mn]-[Al/Fe] and E-L, planes revealed that not all breakpoints yielded
astrophysically meaningful results, a difficulty also noted by (Plevne and Akbaba 2025).
Therefore, we retained only those cluster numbers that produced physically interpretable
outcomes, and examined the corresponding stellar distributions in the relevant planes
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Figure 1. Clustering results of giant stars using chemical abundances as input features. The
panels show the distributions in the [Mg/Mn]-[Al/Fe] and E-L. planes. For each cluster, the
stellar counts, along with median values of [Fe/H], eccentricity (e), and Zmax, are indicated.
Despite some overlap, the clusters correspond to the thin disk (Cluster 2), thick disk (Cluster
0), halo (Cluster 1), and accreted stars (Cluster 3).
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Figure 2. Distribution of the four clusters obtained with PCA + K-means in the [Mg/Fe]-
[Fe/H] plane. The clusters reveal distinct loci corresponding to the thin disk, the thick disk/halo,
and the accreted population, with partial overlap between components.

3. PCA and K-Means Clustering Algorithm Results

For the dimensionality reduction applied to giant stars, we examined the relationship
between cumulative explained variance and the number of components to determine the
dimensional space that yields meaningful results. Following this, we applied the K-means
clustering algorithm with inertia monitoring. For the chemical-abundance input space,
we used [Fe/H], [Mg/Fe], [Mn/Fe], [Al/Fe], [Ni/Fe|, and [Si/Fel; for the kinematic input
space, we adopted Spsr, E, L., Vg, WLSR, Zmax; Uz, Ur, Rap07 Rpcri, and e; and for the
combined case, we included all of these parameters. The results indicate that the most
robust approach is obtained when using only the chemical abundances as input features.
As shown in Figure 1, the stellar counts in each cluster, together with their median
metallicities, eccentricities, and Z,ax values, are reported for both the [Mg/Mn]-[Al/Fe]
and E-L, planes. Although some overlap is present, the clusters can be interpreted as
follows: Cluster 2 corresponds to the thin disk, Cluster 0 to the thick disk, Cluster 1
to the halo, and Cluster 3 to the accreted population. Despite the e, > 0.25 cut, the
dominance of disk stars remains visible.

4. Conclusion

By combining APOGEE DR17 and Gaia DR3 data, we constructed a high-quality
giant- star sample and applied PCA with K-means to explore the chemo-dynamical struc-
ture of the Galaxy. Tests with different input spaces showed that chemical abundances
alone provide the clearest separation of stellar populations. In particular, as illustrated
in Figure 2, the [Mg/Fe]-[Fe/H] plane reveals distinct loci for the thin disk, the thick
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disk/halo, and the accreted component. Overall, our results demonstrate that abundance-
driven clustering is an effective tool for disentangling Galactic populations and isolating
ex-situ stars.
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